Objective Contrast induced nephropathy (CIN) is a result of injury to the proximal tubules. The incidence of CIN is around 11% for imaging done in the acute care setting. We aim to analyze the metabolic patterns in the urine, before and after dosing with intravenous contrast for computed tomography (CT) imaging of the chest, to determine if metabolomic changes exist in patients who develop CIN.
INTRODUCTION
The use of computed tomography (CT) has increased over 200% in the last decade. 1 Contrast induced nephropathy (CIN) that develops as a result of imaging using intravenous contrast enhancement, or other diagnostic procedures, has been reported to be the third leading cause of acute renal failure in hospitalized patients. It has been hypothesized that this occurs as a result of direct toxicity, oxidative stress, and ischemic injury. 2 Numerous studies have evaluated the incidence of CIN in patients undergoing angiography. There are limited studies in the acute care setting; however, Mitchell et al. 1 reported the incidence of CIN in patients undergoing chest CT with contrast for the evaluation of pulmonary emboli to be close to 10%. Studies have identified patient characteristics associated with the risk of developing CIN, but there are limited diagnostic tools that can identify a patient at risk in the pre-CT or early post-CT time frame. 1 Therefore, a tool that could identify early risk factors for CIN would be valuable for patient care.
Metabolomic profiling is the identification of small molecule metabolites that are altered in response to injury. We have previously shown that urine metabolomic profiles differ in patients before and after intravenous contrast administration for CT scan. 3 We hypothesize that metabolomic profiles will differ between those patients who develop CIN and those who do not after contrast administration. In addition we believe that metabolomics profiles prior to imaging may identify subjects who will go on to develop CIN and are therefore at higher risk. The specific aim of this pilot study is to determine if metabolomics profiles differ in patients who develop CIN after intravenous contrast administration for CT scan versus those who do not. Additionally, our goal was to identify specific urinary metabolites that warrant further investigation.
METHODS
This is a pilot study of prospectively identified patients undergoing a CT of the chest with intravenous contrast during their emergency department (ED) evaluation. The study was approved by the University of California, Davis institutional review boards.
Study setting and selection of participants
A convenience sample of patients was enrolled. To be eligible for the study, patients had to be > 18 years old, undergoing CT angiography of the chest and have at least 1 of the following high risk features for CIN: diabetes, 4,5 coronary artery disease, 1 congestive heart failure, 4, 6 chronic kidney disease (baseline creatinine > 1.5 mg/dL or glomerular filtration rate < 60 mL/min/1.73 m 2 ).
Past medical history was confirmed by chart review if available, or patient report. In addition, patients must have been given a physician assessment of > 75% likelihood of hospital admission. Patients were excluded from the study if they had an estimated glomerular filtration rate < 15 mL/min/1.73 m 2 , a history of organ transplantation, were currently on immunosuppressive medications, were septic or on antibiotic therapy, had a history of or were currently receiving dialysis of any type, had an exposure to iodinated contrast within 3 days prior to the study, had more than one contrast CT ordered, or had multiple doses of contrast given.
Patients were managed according to the treating provider recommendations. No intervention was requested as part of this study. There was no institutional standard for mandatory fluid administration or use of N-acetylcysteine prior to CT scanning.
Iodinated contrast
All patients received approximately 120 mL of intravenous iodinated contrast material (iohexol; Omnipaque 350, GE Healthcare, Chicago, IL, USA) that was administered via computer-controlled automated power injector at 4 mL per second.
Data collection and processing
ED data were collected prospectively after patients were identified as fulfilling inclusion and exclusion criteria, and informed consent was obtained. Data collection included race, demographics, dietary history, medical history, physical examination, and electrocardiogram findings, as documented by the treating emergency physician. Medical history was confirmed through patient self-report and review of the medical record when available. Medications administered in the ED and before arrival were also recorded. Final ED diagnosis was based on the treating physician's impression. No additional laboratory tests were mandated as a part of the trial study and the treating physician ordered all tests, except urinary metabolomics analysis, according to their clinical judgment. Chest radiography findings documented by a board-certified radiologist, and laboratory tests, were obtained from the medical record. Urine samples were collected as a midstream sample or via a foley bag prior to CT scan and 4 to 6 hours post imaging. Samples were aliquoted into 2 mL samples and frozen at -80˚C.
All patients were followed by chart review throughout their index stay to document in-hospital events. Serum creatinine levels were recorded at presentation, and at 24 and 48 hours.
The outcome measure was the presence CIN, which was defined as an increase in serum creatinine level of ≥ 0.5 mg/dL or ≥ 25% above baseline within 48 hours after contrast administra-Metabolomic analysis in contrast induced nephropathy tion. For labeling purposes, patients who developed CIN are hereafter referred to as cases and patients without CIN are controls.
Gas chromatography mass spectometry analysis
Urine samples required no preparation prior to freezing. Neat urine samples were lyophilized without further pretreatment. Twenty microliter of 40 mg/mL methoxylamine hydrochloride in pyridine was added to the dried samples, and samples were agitated at 30°C for 30 min. Subsequently, 180 μL of trimethylsilylating agent N-methyl-N-trimethylsilyltrifluoroacetamide was added, and samples were agitated at 37°C for 30 minutes. Gas chromatography mass spectometry analysis was performed using a Agilent 6890 N gas chromatograph (Agilent Technologies, Atlanta, GA, USA) interfaced to a time-of-flight Pegasus III mass spectrometer (Leco, St. Joseph, MI, USA). [7] [8] [9] Automated injections were performed with a programmable robotic Gerstel MPS2 multipurpose sampler (Mülheim an der Ruhr, Germany). Initial peak detection and mass spectrum deconvolution was performed with ChromaTOF software ver. 2.25 (Leco), and later samples were exported to the netCDF format for further data evaluation with MZmine and XCMS. To be considered a known metabolite, molecular compounds must be identified with > 50% certainty. If this degree of certainty was unobtainable, identified compounds were given the name "unknown", followed by a numeric number.
Statistical analysis
Continuous data was presented as medians and interquartile range. The statistical analysis was performed on (natural) log-transformed data that was range scaled (mean-centered and divided by the range of each variable) to adjust for concentration differences of metabolites in the sample. The primary objective was to identify metabolomics differences based on the presence of CIN post CT scan. Transformed data were plotted to assess for normality.
Pre-CT analysis
A t-test was performed to determine differences in the metabolites, with a P-value threshold of < 0.05. Partial least squares-discriminate analysis (PLS-DA) was used to identify metabolites associated with CIN (class difference). The features were ranked based on their regression coefficients and plotted by their variable of importance in projection score. The variable of importance in projection score is a weighted sum of squares and takes into the account the amount of explained Y-variation in each dimension. Significance analysis of microarrays (SAM) is designed to address the false discovery rate when running multiple tests on high-dimensional microarray data. SAM assigns a significance score to each variable based on its change relative. The optimal delta was selected based on the target identification of 10 significant metabolites. The false discovery rate is the proportion of the metabolite change attributed to chance alone.
Post imaging analysis
Univariate analysis methods are the most common methods used for exploratory data analysis. For two-factor data, the basic approach is two-way analysis of variance (ANOVA). In time series, data samples are measured from the same subjects from different time points and therefore within subject ANOVA was used. Analysis was performed in Metaboanalyst 2.0 (Edmonton, Alberta, Canada). 10 Multivariate empirical Bayes time-series analysis (MEBA) was developed for analysis of microarray time-course data and allows grouping by a pre-specified condition. MEBA compares the profiles of the different time series of the metabolites. The outcome is a ranked list of all metabolites that show differences in their temporal profile between the experimental groups. Analysis was performed in Metaboanalyst 2.0.
RESULTS
A total of 100 subjects were consented. Thirty-seven were ex- Table 3 . FDR, false discovery rate. males (49.2) and the median age was 54 years (interquartile range 50 to 66). Of the 63 subjects, 6 met the criteria for CIN (cases), leaving 57 controls. The most common reported final ED diagnosis was chest pain not otherwise specified/acute coronary syndrome (Table 1) .
Pre-CT urine analysis
In the pre-CT urine analysis, we identified nine metabolites associated with the outcome measure with a P-value < 0.01 (Table 2) . Of these nine, uric acid and uracil were the most significant. PLS-DA ranked the most significant metabolites associated with the cases or controls. This analysis showed that higher citric acid and taurine levels were associated with controls ( Fig. 1) . Uracil and uric acid were also identified metabolites associated with CIN in the SAM analysis (Table 3 and Fig. 2 ). Differences between cases and controls of the most significant peak metabolites found in the SAM analysis and PLS-DA are presented in Fig. 3 . 
Post-CT analysis
The 4 top metabolites ranked showing temporal differences between cases and controls are xylonic acid, glycine, uracil and threonic acid (Fig. 4) . Using ANOVA within a subject, xylulose was the most important metabolite (Table 4) .
DISCUSSION
Renal function has been noted to become altered in up to 4% to 20% of all patients in hospitalized patients. [11] [12] [13] Contrast-induced nephropathy is a leading cause of acute renal failure in this hospitalized patient population. 14 Because of the late rise in serum creatinine, there is a temporal delay in identification of injury. In this study we did find differences in metabolomics profiles in those who would go on to develop CIN compared to those who did not develop CIN. Additionally, specific metabolites were significantly different between patients developing CIN and those that did not. When pre-contrast urine was analyzed concentrations of citric acid and taurine were higher in those that did not develop CIN. When evaluating urine metabolite changes pre and post CT, xylulose, glycine, uric acid, and threonic acid were significant.
This study suggests that changes in the urine metabolomics profile of patients with CIN occur, and identifies metabolites for further evaluation in the development of CIN after CT imaging of the chest with contrast. The mechanisms behind the development of CIN are complex. They include potential interplay of vasoconstriction, oxidative stress, and direct tubular toxicity leading to hypoxia of the outer medulla. [15] [16] [17] [18] [19] [20] [21] Studies have shown that the contrast administration not only results in vasoconstriction, but toxicity results in proximal tubularvacuolar transformation, interstitial edema and tubular degeneration. 22 In addition changes to the proximal tubules result in alterations in electrolyte homeostasis. Given the complex pathophysiology behind the renal effects of intravenous contrast, multiple markers may identify injury, as different effects occur on urinary enzymes and tubular location. 23, 24 Given the numerous pathologic mechanisms behind the development of CIN, it is not surprising that multiple statistically significant metabolites were identified. Several of these identified metabolites either mitigate oxidative damage or are a marker of an oxidative stress. Our results showed that subjects with higher levels of urea developed more CIN whereas higher levels of citric acid and taurine developed less. As damage to the kidney occurs, proteins (containing nitrogen) are excreted. 22 Both citric acid and taurine possess anti-oxidant properties and taurine has been shown to attenuate CIN in a canine model. 25 Additionally, when evaluating metabolites with significant changes between pre and post intravenous contrast, xylulose and threonic acid were significant. Xylulose is a pentose sugar that oxidizes to form xylonic acid. 26 Our results showed that Xylonic acid levels rose post intravenous contrast demonstrating the process of oxidation. Similar to xylonic acid, threonic acid is the metabolic breakdown product of the anti-oxidant ascorbic acid (vitamin C), and both L-xylulose and ascorbic acid arise from chemical reduction of glucuronic acid. 27 The presence and increasing concentrations of both of these acids after contrast exposure suggests initial reductive stress followed by an oxidative burst, possibly as a result of renal cortical vasospasm resulting in a hypoxia-reoxygenation pattern in the kidney medulla induced by contrast exposure in the kidney. [28] [29] [30] Unlike our findings of increasing levels of xylonic acid and threonic acid after contrast exposure, we did identify that concentrations of uracil and glycine changed but not in a uniform direction. Attempting to determine a specific metabolic function involving uracil is challenging since it is one of the four nucleotides that make up RNA and thus its presence is ubiquitous. On the other hand, our identification of glycine as a potential marker for CIN is consistent with previous animal models. [31] [32] [33] These animal studies showed a protective effect of glycine from both oxidant stress as well as cellular hypoxia. 31, 32 Cellular hypoxia may be a result of changes in renal blood flow in response to contrast administration.
Limitations
This is a pilot trial that was underpowered to detect an association of specific metabolites with CIN but rather our focus was to identify if metabolomic differences occur in patients with CIN and identify metabolites that warrant further investigation. In addition, due to the small sample size, we were unable to adjust for underlying medical illnesses, time since last meal, medications, or baseline renal function. Some urine samples were collected outside the target range due to inability to void. However these were the first urine samples available from the patients. This study did not address the clinical relevance of CIN. Specific isomers of metabolites were not defined.
Summary and clinical implications
CIN is a well described complication of intravenous contrast. Earlier identification of patients at risk may be possible through the identification of metabolite patterns that are highly associated with the disease, and it may improve the diagnosis. In this study we have shown that there are differences in urine metabolites between patients who do and do not develop CIN, prior to contrast administration and that changes in certain metabolites over time are associated with the diagnosis.
